We have studied the structure and reactivities of two kinds of mismatched DNA sequences-unopposed bases, or bulges, and multiple mismatched pairs of bases. These were generated in a constant sequence environment, in relatively long DNA fragments, using a technique based on heteroduplex formation between sequences cloned into single-stranded M13 phage. The mismatched sequences were studied from two points of view, viz 1. The mobility of the fragments on gel electrophoresis in polyacrylamide was studied in order to examine possible bending of the DNA due to the presence of the mismatch defect. Such bending would constitute a global effect on the conformation of the molecule. 2. Sequences in and around the mismatches were studied using enzyme and chemical probes of DNA structure. This would reveal more local structural effects of the mismatched sequences. We observed that the structures of the bulges and the multiple mismatches appear to be fundamentally different. The bulged sequences exhibited a large gel retardation, consistent with a significant bending of the DNA at the bulge, and whose magnitude depends on the number of mismatched bases. The larger bulges were sensitive to cleavage by single-strand specific nucleases, and modified by diethyl pyrocarbonate (adenines) or osmium tetroxide (thymines) in a non-uniform way, suggesting that the bulges have a precise structure that leads to exposure of some, but not all, of the bases. In contrast the multiple mismatches ('bubbles') cause very much less bending of the DNA fragment in which they occur, and uniform patterns of chemical reactivity along the length of the mismatched sequences, suggesting a less well defined, and possibly flexible, structure. The precise structure of the bulges suggests that such features may be especially significant for recognition by proteins.
INTRODUCTION
Mismatched sequences can arise in DNA as a result of errors in replication, recombination between sequences that are not fully homologous, or mutagenesis events [1] . In addition, mismatches are a common feature in the secondary structure of single-stranded nucleic acids, such as most RNA molecules and some viral genomes. Base mismatches can take a number of forms. Single mismatches occur where two non-Watson-Crick bases are in opposition. When a number of such mismatches occur consecutively, this constitutes a multiple mismatch, and we will refer to this situation as a 'bubble'. A further type of mismatch may arise, where there is an additional base or bases on one side of the double helix, which we call a 'bulge'. Such bulges are believed to be intermediates in frameshift mutagenesis [2] . Furthermore, they may be substrates for certain structure-selective nucleases such as T4 endonuclease VII [3] , and could therefore lead to illegitimate recombination events. Bulges in RNA molecules may act as specific protein binding sites, exemplified by the binding site for the coat protein of phage R17 [4] .
Base mismatches in DNA have been the subject of considerable structural investigation. Single base mismatches have been studied principally by X-ray crystallographic [5, and references therein] and NMR [6, and references therein] methods, with the general result that mismatching appears not to be very disruptive-all the mismatches studied are accommodated within the double helix with only very local perturbation of structure. Multiple mismatches have been relatively neglected from a structural point of view, while studies of base bulges have been largely restricted to single extra bases. Two kinds of structures have been deduced for these bulges. Woodson and Crothers [7] have studied oligonucleotides containing an extra guanine base using NMR spectroscopy and molecular mechanics, and deduced that the extra purine is inserted into the helix, where it creates a kink in the helix axis of about 20°. NMR studies of sequences containing additional adenine bases [8] [9] [10] have reached similar conclusions, but crystallographic studies of DNA oligonucleotides containing single adenine bulges led Sussman and co-workers [11, 12] to conclude that the adenine was extrahelical. An extrahelical structure was also proposed for a sequence containing a single cytosine bulge by Morden et al [13] on the basis of NMR investigations-in general it is believed that an extra pyrimidine base can be either intra-or extrahelical, depending on the temperature.
We have recently described a technique for generating defined mismatches in a constant sequence environment, in relatively long heteroduplexed DNA fragments [14] . We used these constructs to study single base mismatches from two points of view. First, we have measured the mobility of these fragments by polyacrylamide gel electrophoresis. Studies on sequence-directed curvature in DNA [15] [16] [17] [18] [19] have shown that this method is very sensitive to distortion of the helix axis, which is rather difficult to demonstrate using crystallographic methods or NMR spectroscopy. Second, we examined the sensitivity of the bases in and around the mismatches to enzyme and chemical probes of DNA structure. We showed that none of the single mismatches caused measurable distortion of the helix axis, but that some mismatches (notably those involving the formation of wobble basepairs) were associated with specific chemical reactivity.
In the present study we have applied these methods to the analysis of base bulges and multiple mismatches. We conclude that bulges and bubbles are of very different character. Base bulges are associated with a precise bending of the helix axis, and generate specific patterns of chemical reactivity, while bubbles appear to cause very much less bending, and a more uniform chemical reactivity.
EXPERIMENTAL

Construction and preparation of plasmids
Oligonucleotides were synthesised on an Applied Biosystems 381A DNA synthesizer, using /3-cyanoethyl phosphoramidite chemistry [20, 21] . Fully deprotected oligonucleotides were purified on 20% denaturing polyacrylamide gels, and DNA recovered by electroelution and ethanol precipitation.
Oligonucleotides possessing BamYR cohesive end, were cloned into the BamHl site of pAT153 [22] . Recombinants were screened for the presence of monomer inserts having the correct sequence and orientation, using chemical sequencing techniques [23] . Supercoiled plasmid DNA was prepared from E. coli grown for 16 h in the presence of 150 /ig/ml chloramphenicol, by lysozyme, EDTA, SDS lysis and isopycnic centrifugation in CsCl/ethidium bromide gradients. DNA was recovered by side puncture, ethidium bromide removed by repeated extraction in butan-1-ol, followed by extensive dialysis against cold 10 mM Tris.HCl (pH 7.5), 1 mM EDTA (TE) buffer.
Construction and preparation of Ml 3 clones
The 660 bp EcoRI-Sall fragments from each of the recombinant plasmids were cloned into the polylinkers of phages M13mp8 and M13mp9 [24] , and propagated in E. colt JM103. Single-stranded phage DNA was prepared by precipitation of cellular supernatants using 20% polyethylene glycol/2.5 M NaCl, extraction with phenol/chloroform, and DNA recovered by ethanol precipitation. 
Chemical modifications
Osmium tetroxide (Sigma) was dissolved in distilled water as a 20 mM stock solution (stored as aliquots at -70°C). Modification reactions [27] [28] [29] were performed in 5 mM Tris.HCl (pH 7.5), 1 mM EDTA, 1 % (v/v) pyridine (Aldrich), using 1 mM osmium tetroxide on ice or at 25°C for 15 min. Reactions were terminated by ethanol precipitation of DNA.
Diethylpyrocarbonate (DEP; Sigma) reactions [30] [31] [32] were carried out in 50 mM Na cacodylate (pH 7.1), 1 mM EDTA to which 3 /tl of DEP was added, and incubated at 20°C for 15 min. The reaction was stopped by precipitation of the DNA with ethanol.
In both cases, chemically modified DNA was incubated with Taql, radioactively labelled, and asymmetrically end-labelled fragments isolated by restriction cleavage with Sphl, followed by electrophoresis in 5% polyacrylamide. Modified DNA fragments were recovered by electroelution and ethanol precipitation. The DNA backbone was cleaved at the modified base(s) by treatment with 1.0 M piperidine, at 90°C for 30 min, followed by extensive lyophilisation. DNA sequencing and gel electrophoresis End-labelled DNA fragments were sequenced by the chemical degradation method [23] . After piperidine degradation and lyophilisation, samples were redissolved in formamide and analysed in 8.0% polyacrylamide gels containing 7 M urea, using 90 mM Tris.borate (pH 8.3), 10 mM EDTA (TBE) running buffer. Electrophoresis was carried out so that the plates were hot to the touch. Gels were dried on Whatman 3MM paper, and Table 2 . Gel mobility of EcoRV to Hinfl fragments containing 5 and 3 base bulges as a function of sequence context. Mobilities are expressed as k-vahies, the apparent size of the fragment (interpolated from the mobility of normal DNA restriction fragments) divided by the true size. The sets of k-values for 5 and 3 base bulges are not strictly comparable, as they were measured in 8 and 12% polyacrylamide gels respectively.
autoradiographed with Fuji-RX X-ray film at -70°C using Dford fast-tungstate intensifier screens. M13 clones were sequenced using polymerase chain termination procedures [33] . Studies of gel electrophoretic migration were performed on 2.0% agarose and various concentrations (between 5% and 15%) of native polyacrylamide gels. Samples were electrophoresed in TBE buffer at 20 ± 0.1 °C, for 12-16 hours. Typically, several DNA molecular weight markers were additionally loaded, to enable apparent size determination of DNA fragments. From this, k values were calculated, where k = apparent length / real length in order to facilitate comparisons between experiments, and with other work. DNA was visualised by staining in 1 /ig/ml ethidium bromide; following destaining in distilled water, gels were photographed under UV illumination using Kodak Tri-X Pan film.
RESULTS
Strategy for the construction of sequence bulges and multiple mismatches.
We constructed DNA fragments containing looped-out bases and multiple-base mismatches in a constant sequence environment using a similar strategy to that previously described by Gough and Lilley [25] and Bhattacharyya and Lilley [14] . A set of synthetic oligonucleotides was cloned into pAT153 generating the set of plasmids shown in Table  1 . The 66Obp EcoW-Sall fragment from each plasmid was cloned into the single-stranded phages M13mp8 and M13mp9.
Three types of hybrid duplex species could be created by hybridisation of the appropriate single-stranded phage DNA, as shown in Table 1 : 1. Heteroduplexes containing looped-out bases (DNA bulges), on either the top (mp8) or bottom (mp9) strand. Bulges containing three or five bases, either adenines or thymines, were constructed. 2. Heteroduplexes containing (A.A) n or (T.T) n base mismatches, where n = 3 or 5.
Normal Watson-Crick homoduplexes.
The structural properties DNA base bulges Our preliminary studies exploited the general observation that distorted (eg curved) DNA molecules may exhibit significant retardation when electrophoresed through polyacrylamide TaWe3.
Bulge
SI nuclease Micrococcal nuclease The mobility of heteroduplexes containing bulges of 3-or 5-purine (adenine) or pyrimidine (thymine) bases in polyacrylamide gels was studied. The variation in the k-factor (apparent size divided by the true size of the fragment) as a function of gel concentration is summarised in Figure 1 . These bulge-containing fragments exhibited anomalously slow migration in polyacrylamide gels, which was greater for the larger bulges. A similar effect has been recently noted by Hsieh and Griffith [34] , using a linker ligation procedure. We investigated the size dependence of the retardation further using 40-mer oligonucleotides containing an additional 0 (homoduplex), 1, 3, 5 or 7 extra adenine residues on one strand. The sequence environment around the additional adenines, was the same as that present in the phage heteroduplex species. The migration of these species in 15% polyacrylamide is shown in Figure 2 . The migration of the fragments becomes progressively slower as additional bases are added to the unpaired tract. We interpret these results in terms of a local bending or kinking brought about by the presence of the bulge, where the extent of the distortion of the path of the helix axis depends on the number of bases present in the bulge.
(b) The effect of bulge sequence on the gel anomaly
The sequence-dependence of the gel retardation due to bulges was examined using the M13 phage DNA heteroduplexes containing 5-base bulges comprising either A n or T n . Figure 3 shows that there is a marked difference in the gel anomaly of the A 5 and T 5 bulges. This was also true for the three-base bulges. Our results suggest that there is an effect of bulge sequence on the distortion of the DNA kinking, as also noted by Kline et al [35] . In general, adenine base bulges produce a greater distortion than thymine bulges, possibly due to the greater size of the purine bases. The extent of retardation due to the bulges is considerable, and is comparable to that due to multiple phased runs of adenines [16] [17] [18] .
(c) The role of flanking DNA sequences on the gel electrophoretic behaviour We examined the effect of sequence context on the gel anomaly due to bulges. In all the experiments described so far, the looped-out bases were present on the top (mp8) strand of the heteroduplex, giving a constant sequence environment, namely 5'-AGG(A/T) n TCG-3'. However, by using the phage heteroduplex species in which the extra bases were looped-out on the lower (mp9) strand, the flanking sequence was changed to 5'-CGA(A/T) n CCT-3'. The results are summarised in Table 2 . For T n bulged heteroduplexes (n = 3 or 5) changes in the flanking sequence failed to alter the size of the gel anomaly. However, the situation was quite different for the adenine bulges. When we moved the A 5 bulge from one side of the helix to the other, a significant difference in gel anomaly resulted, shown in Figure 4 . The A 5 bulge in mp9 sequence context, shows an increased k-factor relative to the value measured for the mp8 sequence environment. A similar result was observed for the A 3 bulge (data not shown). Table 4 . Gd mobilities of bubble-containing DNA fragments. £coRV to Hind fragments were electrophoresed in a 5% polyacrylamide gel, and apparent sizes measured by interpolation from normal DNA restriction fragments.
(d) Localisation of the bend centre
The gel retardation of bulge-containing fragments suggests that the extra bases on one strand might introduce a kink into the linear DNA molecule. In an attempt to localise the effect, we employed a procedure related to circular permutation analysis [18] . A set of Aj and T 5 heteroduplexed fragments (shown in Figure 5 ) were prepared in which the position of the bulged structure was varied relative to the fragment ends, by choosing different pairs of restriction enzymes to release the fragment from the hybridised phage. This procedure was used previously to localise the bending in a cruciform-containing DNA fragment [25] -structural features that bend or kink the DNA should exert their maximal effect when placed at the centre of the DNA fragment. The bulge-containing fragments were electrophoresed in polyacrylamide, beside normal DNA molecular weight markers, in order to calculate k-values. Figure 6 shows the results for the A 5 -bulged heteroduplex (similar results were obtained for the T 5 bulge; data not shown). A plot of k-value against bulge position shows that the fragments exhibited maximal retardation when the bulge was centrally positioned, implying that the distortion is centred on the bulge itself. (e) DNA bulges are sensitive to single-strand specific nucleases We have described the global effect of bulged bases on the shape of DNA molecules, without suggesting how the extra bases exert their effect. We investigated the local DNA structure and stereochemistry of the bases in and around the bulges, using enzyme and chemical probes.
The single-strand specific nucleases SI and micrococcal nucleases were used for this purpose. SI nuclease has been shown to cleave cruciform loops [36, 37] , and other unusual DNA structures [38] [39] [40] . Micrococcal nuclease also cleaves cruciform loops [41, 42] . An and T n bulges (with looped-out bases on the mp8 strand) were digested with both micrococcal and SI nuclease. If cleavage were to occur at the bulge site, then we should expect to see the two smaller fragments of approximately 260 bp and 190 bp. Figure 6 shows that micrococcal nuclease cuts both the A5 and T 5 bulges. SI nuclease also cleaves these structures (data not shown), and the data are summarised in Table 3 . Whilst both the nucleases cut the 5-base bulges, they do not cut either of the smaller 3-base bulges. This suggests that the molecular geometry of the 3-base bulges is much tighter than that of their 5-base counterparts. (f) DNA bulges are reactive to chemical attack. How are the unpaired bases of a bulge organised structurally? Evidence has been presented for both intrahelical [7 -10] and extrahelical [11] [12] [13] conformations for single base bulges. Chemical probing is a valuable technique for examining the accessibility of particular types of bases in DNA. We therefore decided to probe the local DNA structure in and around DNA base bulges, using osmium tetroxide and diethylpyrocarbonate (DEP) as probes of thymine and adenine accessibility in the T n and A^ bulges, respectively.
The T 5 bulge (with the loop-out on the mp8 strand) was reacted with osmium tetroxide, followed by piperidine cleavage of thymine-osmate ester adducts, and the products examined on a sequencing gel. The autoradiograph is shown in Figure 7 . The thymines in the bulge were reactive to osmium, but there was differential reactivity between the different thymines within the bulge. In particular, the first 5'T in the bulge (Tl) exhibited the lowest reactivity of all. The remaining thymines of the bulge T2-5 were all reactive, and to the same degree. This suggests that these bases are predominantly extrahelical, and may be responsible for conferring sensitivity to single-strand specific nucleases. In addition to the thymines of the bulge, the first base to the 3' side is also a thymine, which should be base-paired. However, this thymine was also slightly reactive. Reactivity of the 3' flanking thymine was also observed in the A 5 bulge (Figure 7 ), which has an identical sequence context. Several NMR studies of single-base bulged duplexes have detected structural perturbations flanking the bulge site [10, 13, 45] . We also examined reactivity to osmium tetroxide in the T 3 -bulge. The observed pattern of reactivity was: T2 (central) > 5'-Tl = 3'-T3, see Figure 7 . The overall reactivity was lower than found in the T 5 bulge, requiring a higher concentration of pyridine to observe modification (3% in place of 1 %). This implies that the geometry of the T 3 bulge is more constrained than that of the T 5 bulge, which is also consistent with the results obtained using the single-strand specific nucleases.
DEP modifies adenines (and to a lesser extent guanines) by carbethoxylation at the N7 position of the imidazole ring [46, 47] . It has been shown to modify purines in cruciform structures [31, 32] , and we have noted a differential reactivity within cruciform loops, suggesting that the reagent is sensitive to local structure in the loop. The A 5 -bulged heteroduplex (loop-out the mp8 strand) was reacted with DEP, followed by piperidine cleavage (data not shown). Bases A2, A3, A4 and A5 in die bulge, were equally reactive, producing a uniform pattern of modification. However, the first 5'-adenine (Al) in die bulge was completely unreactive to DEP, indicating that N7 was inaccessible to attack. The other bases in the bulge (A2-A5) are dierefore probably extrahelical and hence susceptible to nuclease attack.
The structural properties of multiple-base mismatches
We decided to compare the properties of bulged sequences, that have additional bases on one strand, with multiple mismatches, where bases are present on both strands, but such that Watson-Crick basepairing is not possible. Our phage DNA sequences allowed us to construct DNA heteroduplexes containing 3 or 5 consecutive A.A or T.T mismatches, in a constant sequence context. These could be compared with single mismatches and bulged sequences, from die points of view of DNA bending and chemical reactivity.
(a) Multiple-base mismatches have a minor effect on helical trajectory
We performed gel electrophoresis assays on heteroduplex fragments containing (A.A) n and (T.T) n mismatches (n = 3 or 5), in polyacrylamide gels of concentrations from 5% to 12 %, see Table 4 . For both sets of mismatched sequences there was a small retardation in the gel relative to homoduplexed DNA (mat contained an (A.T) 3 sequence in place of the mismatches) but the effects were very much smaller than for the bulged sequences. Moreover, the distortion was not typical of DNA bending, in that the k values were Figure 9 . Bubbles are uniformly modified by osmium tetroxide and diethyl pyrocarbonate. The fragment containing the (T.T) 5 bubble was reacted with 1 mM osmium tetroxide; studied on both strands independently. These were electrophoresed alongside sequencing markers (AG and TC) derived from pLPT5 (note; for the bottom strand this results in an A-run at the position of the bubble). The fragment containing an A 5 bubble was reacted with DEP, cleaved with piperidine and electrophoresed on a sequencing gel alongside sequencing markers derived from pLPT5. In ajl cases, the right-most lane contains the result of a control experiment where the chemical probe was omitted (pip). The results of chemical modifications are summarised below the autoradiographs. independent of gel concentration (data not shown). Thus, the effects may have an origin in flexibility rather than permanent bending induced by the mismatches. (b) Single-strand specific nucleases cleave multiple-base mismatches SI and micrococcal nucleases were used to study whether the mismatched bases possessed any single-stranded character. Figure 8 shows the result of incubating the mismatched fragments in the presence of micrococcal nuclease, on ice. The results using single-strand specific nucleases are summarised in Table 5 . All the 3 and 5 base (A.A) n and (T.T) n mismatches have enough single-stranded character to render them sensitive to micrococcal nuclease. This contrasts with single mismatches, and suggests that these multiple-base mismatches cannot be accommodated into a normal B-DNA helix. Although SI nuclease was able to cleave both 5-base mismatches, it failed to cut the 3-base counterparts. This reflects the different specificities of these two nucleases. Micrococcal nuclease isjhus better able to recognise small regions of single-stranded DNA than is SI nuclease.
It has been demonstrated previously that single-base mismatches are resistant to singlestrand specific nucleases [14, 43, 44] . In general, it seems to be the case that single noncomplementary base pairs are accommodated into a normal B-DNA helix, with minimal distortion of the phosphodiester backbone. In cases where there are several unpaired bases these cannot be so easily accommodated into a conventional B-helix, and so the phosphodiester backbone becomes distorted, rendering it sensitive to nuclease attack.
(c) Chemical hyper-reactivity of multiple-base mismatches
Osmium tetroxide reactions were performed on both strands of the (T.T)j heteroduplexes, and the results are shown in Figure 9 . All thymines present in the five mismatched basepairs, on both strands, were reactive to osmium. The modification pattern was symmetrical, occurring to an equal extent on the two strands. Moreover, the modification was uniform throughout the (T.T) n tracts. A similar pattern of modification was observed for the (T.T}, mismatches (data not shown). We have previously shown that a single-base T.T mismatch was unreactive to osmium tetroxide [14] . Several groups have reported that the thymines in a T.T mismatch can stack into the helix [48, 49] , whilst Kouchakdjian et al [50] have shown evidence for T.T base pair formation. However, these results indicate that the inclusion of several T.T mismatches results in structural deformation of the helix, such that the thymines become reactive to osmium tetroxide. Analogous chemical modification experiments were then carried out on the (A.A) 5 mismatched DNA fragments, using DEP as a probe of adenine accessibility. Probing experiments at single nucleotide resolution were performed on both strands, the results of which are presented in Figure 9 . The mismatched adenines on both strands are reactive, indicating steric accessibility at the N7 position. The modification pattern on each strand is uniform throughout the mismatched tract, and the pattern of reactivity is similar to that described for the multiple T.T mismatches. The modification pattern was somewhat asymmetric, in that the lower (mp9) strand was chemically more reactive than the top strand.
Thus the chemical reactivity of the bubbles was characterised by a uniform reactivity along the length of the mismatched tract, but tightly localised to the mismatched bases. The strong, uniform reactivity of the multiple mismatches contrasts with single mismatches, which exhibit variable reactivity depending on the nature of the mismatch, and its context [14, 51] . 
DISCUSSION
We have studied two kinds of local distortion in double stranded DNA, caused by the addition of unpaired bases in the centre of a fully paired DNA fragment. Where the bases are added on one strand only, we call these bulges. If an equal number of noncomplementary bases are present on the other strand, this is called a multiple mismatch, or bubble. There are a number of differences between the properties of DNA bulges and bubbles. We have observed that: 1. Base bulges cause a very significant retardation in gel electrophoresis, akin to curved DNA fragments, or those containing a four-way helical junction. The magnitude of the effect depends on the number of unpaired bases in the bulge. By contrast, bubbles of equivalent sizes give rise to very much smaller effects in gel electrophoresis. We conclude that there is a much greater distortion of the helix axis in the case of a bulge, leading to a larger change in helical trajectory of the DNA molecule.
2. Both bulges and bubbles are cleaved by single-strand specific nucleases, and modified by single-strand selective chemical reagents. However, while osmium tetroxide and DEP react with the bases of bubbles in a uniform manner, this is not the case for the bulges. For example, the 5' base of both A 5 and Tj bulges exhibit lower levels of reactivity than the remaining unpaired bases.
These differences indicate that bulges and bubbles have contrasting structures in solution. The results may be rationalised in terms of the outline models presented in Figure 10 . We suggest that the bulges have a rather precise structure forced upon them by the need to accommodate the extra nucleotides on one strand. This results in a well defined change in the direction of the helix axis, the angle of which depends on the number of extra bases in the loop formed. Thus the gel retardation should increase as a function of the number of bases in this loop, as observed experimentally. Using a linker-ligation assay, Hsieh and Griffith [34] have also noted bulge-size-dependent gel retardation. In the case of single adenine [8] [9] [10] and guanine [7] bulges, NMR studies have indicated that the additional purine stacks into the helix, and causes a local kink in the double helix (estimated to be 18-23° for the guanine bulge, using a combination of NMR and molecular mechanics), although other studies of single-base bulges have found extra-helical conformations [11 -13] . The variation in chemical reactivity between different bases in the loop indicates that the single-stranded DNA is at least partially structured, leading to steric protection of some bases against chemical attack. The lower reactivity of bases (both adenine and thymine) at the 5' end of the loops suggests that these bases may well stack on the end of the duplex. It is interesting to note that thymines of terminal basepairs of the duplex at the 3' end of the loop are moderately reactive, indicating that these bases are not protected against out-of-plane attack by the electrophile, and hence are not involved in stacking interactions with single-stranded bases of the loop. The conformation of the bases in the bulge other than at the 5' end cannot be deduced from these data, but it seems likely that these will be at least partly structured, and that the detailed three-dimensional structure of the bulge will depend on the sequence and size of the bulge. We note that the extent of gel retardation depends on the nature of the bases in the loop (the A 5 loop appears to cause greater bending than the T 5 loop), the sequence context of the bulge, as well as the number of bases in the loop. Furthermore, we note that the bases of a T 5 bulge are both more reactive to osmium tetroxide and the backbone more readily cleaved by nucleases than for the T 3 bulge, suggesting that the environment of the bases in the bulges varies with size.
In contrast to the bulges, the bubbles a pear to have a more poorly defined, and probably looser, structure. Very much less sign leant gel retardation was associated with these species, indicating smaller distortion ol the helix axis. However, the bubbles exhibited sensitivity to single-strand specific enzymes, unlike single base mismatches (which were refractory to SI and micrococcal nucleases [14] , and pronounced chemical reactivity. The uniform chemical reactivity of the bases present in the bubbles suggests that there is a less precise structure, and the best description may be a flexible association of weak base associations. Such structures appear to be related to the DNA conformation adopted in the open complex of RNA polymerase and promoters [52] .
The strongly contrasting structures of bulges and bubbles suggests that they may have very different consequences when they occur in single-stranded nucleic acids. The well defined structure of the bulges, in which some bases appear to be well exposed, make them probable targets for recognition by proteins, and thus they may be better repaired when generated in double-stranded DNA, and represent specific protein binding sites in structured single-stranded nucleic acids, especially RNA molecules.
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